The long-term mechanical strength of calcite-bearing rocks is highly dependent on the presence and nature of pore fluids, and it has been suggested that the observed effects are due to changes in nanometer-scale surface forces near fracture tips and grain contacts. In this letter, we present measurements of forces between two calcite surfaces in air and water-glycol mixtures using the atomic force microscope. We show a time-and load-dependent adhesion at low water concentrations and a strong repulsion in the presence of water, which is most likely due to hydration of the strongly hydrophilic calcite surfaces. We argue that this hydration repulsion can explain the commonly observed water-induced decrease in strength in calcitic rocks and single calcite crystals. Furthermore, this relatively simple experimental setup may serve as a useful tool for analyzing surface forces in other mineral-fluid combinations.
Introduction
The long-term brittle strength of rocks is ultimately controlled by the nanoscale adhesion of grain boundaries and fracture thresholds of single crystals. When macroscopic strain rates are small, kinetic processes on the mineral interface scale give rise to observable subcritical fracture growth, cataclastic compaction, and brittle creep [Amitrano and Helmstetter, 2006] . Ample experimental evidence points to a strong dependence of these time-dependent brittle processes on environmental conditions such as humidity, temperature, and pore fluid chemistry [Brantut et al., 2013; Atkinson, 1984] . The decrease in mechanical strength of certain rock types in the presence of water is sometimes referred to as water weakening [Risnes et al., 2005] .
The underlying physical mechanism for time-dependent brittle deformation depends on mineralogy. For silicates, the general consensus is that hydrolysis of strained Si-O bonds at the crack tip drives subcritical crack growth in humid conditions [Michalske and Freiman, 1982] . In the case of mica, where the prominent cleavage along a single plane makes it relatively easy to study single-fracture propagation, experiments and theoretical models suggest that lowering of the surface energy through water adsorption controls the fracture velocity and the threshold for fracture propagation [Wan et al., 1990a] . This mechanism acts in the confined fluid region some distance behind the crack tip, and the crack tip region is thought to be too narrow for water molecules to enter. On the other hand, the stress corrosion mechanism for silicates assumes a more open crack tip structure where the water weakening mechanism takes place at the crack tipitself. Stress-enhanced dissolution ("true" stress corrosion) is another mechanism that has been suggested to act at the crack tip [Atkinson, 1984] . For minerals other than mica and silicates, the dominant mechanisms for kinetic fracture propagation are still largely unknown.
Calcite (CaCO 3 ) is a brittle mineral with prominent cleavage along three nonorthogonal planes (1014). Calcite is moderately soluble in geologically relevant fluids, and it may deform plastically at moderate loads and temperatures. Time-dependent deformation of calcitic rocks may therefore take place through a combination of brittle (intergranular and intragranular fracture propagation), chemical (dissolution and reprecipitation), and plastic (twinning and dislocation creep) mechanisms, something which complicates the analysis of deformation experiments on calcite-bearing rocks [Croizé et al., 2013] . Calcite is the main component in chalk, which is an important reservoir rock that is severely affected by compaction and subsidence after water injection [Risnes et al., 2005] . Pore fluids are also thought to play an important role in earthquake sequences hosted in carbonate rocks [Violay et al., 2013] . (Figures 1a and 1d ) and surface force F = dW∕dD (Figures 1b and 1e ) as a function of surface separation D or lateral position x in calcite-bearing rocks exposed to air, glycol, or water. W = 0 corresponds to the energy of two isolated surfaces in vacuum. (a and b) Separation of two surfaces from "virgin" cohesive contact. On separation in air, the energy gradually increases until it reaches a surface energy that is slightly lower than the vacuum value due to adsorption of water vapor. The surface energy in glycol is lower due to the screening of long-range attractive forces in the fluid medium. The strong thermodynamic driving force for water adsorption on the calcite surface causes a reduction in energy and a repulsive force for separation in water at the distance where one layer of water molecules is adsorbed. (c) Surface forces acting in the near-tip region of a water-filled intracrystalline fracture. Attractive forces operate in the region closest to the crack tip (dark grey), while the strong affinity of water to the fracture surfaces creates a repulsion further away from the tip (light grey). (d and e) Force and energy in a grain contact. The adhesive minimum is smaller due to lattice misorientation and adsorbed chemical species. The energy minimum is shifted to D > 0, corresponding to the size of the adsorbed species. (f ) Water-filled grain contact. The stress in the center of the contact region is compressive, as predicted by the JKR theory. Attractive forces dominate near the edge of the contact (dark grey), while the presence of water creates a repulsive region (light grey) further out, reducing the total strength of the contact.
Several recent experimental studies suggest that the repulsive forces acting behind the crack tip, resulting either from double-layer repulsion or from adsorption of water on calcite surfaces (see next section), are the dominant mechanism for the observed water weakening [Risnes et al., 2005; Røyne et al., 2011; Rostom et al., 2012; Liteanu et al., 2013; Megawati et al., 2013] . In order to study the effect of water activity on the strength of chalk, Risnes et al. [2005] used mixtures of water and ethylene glycol. These fluids are fully miscible, allowing the water concentration to be varied without the additional capillary forces that would occur in air-water or oil-water systems. The mechanical effect of ethylene glycol had previously been found to be similar to that of oil. Following the same reasoning, Røyne et al. [2011] used water-glycol mixtures in subcritical fracture experiments on single calcite crystals. Both studies found the strength or fracture threshold to decrease with increasing concentration of water and attributed this effect to a repulsive force between the calcite surfaces caused by water adsorption. Experimental procedure. (a) Calcite particle resting on a cleaved calcite surface. A drop of UV-curing glue has been picked up by a tipless cantilever, which is gradually lowered onto the particle. (b) While in contact at a set deflection value, the glue is exposed to UV light and cured. (c) Experiments are performed in place by raising and lowering the particle. Fluid is added with the particle in the raised position. Not moving the cantilever-particle assembly ensures that the surfaces stay parallel. Figure 2d , the typical step height is on the order of 10 nm.
The aim of this letter is to test the hypothesis that there exists a strongly repulsive force acting between calcite surfaces in the presence of water, caused by water adsorption. We simplify the system by eliminating the fracture tip and multiple grain contacts from previous experiments and use atomic force microscopy (AFM) to measure the nanometer-scale forces between two calcite surfaces submerged in mixtures of water and glycol. In agreement with the hypothesis, we find a strong repulsion between calcite surfaces in water, while increasing the glycol concentration makes the surfaces adhere to each other.
Surface Forces and Fracture Thresholds
The surface energy e of a solid in a given medium e is defined as half the work W required to separate two surfaces, determined by the surface forces F as a function of surface separation D:
(
The nanometer-scale forces between mineral surfaces in aqueous solutions are, for separations above a few nanometers and for ionic concentrations less than about 0.1 M, well described by DLVO theory (named after Derjaguin and Landau [1941] and Verwey and Overbeek [1948] ), which includes the van der Waals and electric double-layer forces. Specific ion effects and forces related to the discrete molecular nature of the fluid and surfaces become significant on shorter separations and are often of larger magnitude than the DLVO forces [Alcantar et al., 2003 ].
In the Griffith theory of brittle fracture, the lower threshold for crack propagation is defined as the point at which the elastic energy released upon incremental fracture propagation, G, is equal to the energy of the two newly created surfaces, G 0 = 2 e . In an atomistic model of the crack tip, the motion of a crack as the loading deviates from the stationary state (G ≠ 2 e ) is controlled by fluctuation-driven forward and backward jumps, with energy barriers that depend on e and G, giving the following function for the fracture velocity v: where C is a material constant and is an activation area [Rice, 1978; Wan et al., 1990b] . For a system originally in equilibrium, a change in fluid chemistry may change the F(D)-curve and thereby the threshold load G 0 , causing previously stationary fractures to propagate or heal.
The strength of chalk is, at least in part, controlled by the adhesive contacts between micrometer-sized fragments of biomineralized calcite (see Figures 1d-1f ) . To the first approximation, the Johnson-Kendall-Roberts (JKR) model gives the area of contact and the critical tensile force required to separate two surfaces from adhesive contact as functions of the surface energy e [Persson, 2000] . When the fluid chemistry is changed, the corresponding change in e will cause the area of contact to change until it is at equilibrium with the new environment [Alcantar et al., 2003] . Analogous to fracture propagation, the healing or separation of grain contacts can also be viewed as thermally activated processes, causing contacts to strengthen or separate with time, depending on fluid chemistry and applied load.
Experimental Setup
The experimental setup is outlined in Figure 2 . A piece of optical quality Iceland spar is glued to a microscope slide and cleaved immediately prior to the experiment. The detached part of the crystal is scratched with a scalpel, making a number of fragments land on the cleaved surface. A suitable fragment (between 20 and 50 μm in size, resting on a flat terrace of the cleavage surface) is identified in the microscope. The sample is then placed in the AFM (Asylum MFP-3D), and the calcite fragment is glued (UV-curing Casco Glaslim) to a tipless cantilever (All In One-AI-TL, 15 kHz, 0.2 N/m or 350 kHz, 40 N/m; the stiffer cantilever is used to apply high loads but gives poor resolution of adhesion force). Force measurements are performed by moving the upper surface vertically while monitoring deflection of the cantilever. All measurements are performed in the same position to ensure that the surfaces remain parallel. Preliminary measurements are made to reveal improper curing of glue or small particles trapped between the surfaces. Force runs in fluids are performed at a slow approach velocity to avoid hydrodynamic effects. Hold times in contact range from zero to approximately 1 h, but long hold times give unreliable results due to evaporation and thermal drift. Solutions are exchanged by repeatedly wicking out old solution and injecting new. The number of possible fluid exchanges is limited by the risk of the capillary forces pulling the fragment off the cantilever or the introduction of small particles between the surfaces.
The system is equilibrated for at least 10 min after fluid exchange. At the end of each experiment, the cantilever-particle assembly is rinsed with Milli-Q water, dried off, and stored in ambient conditions. The particles are later imaged in the scanning electron microscope (SEM, FEI Quanta 3D), and their surface topography is measured using vertical scanning interferometry (Wyko NT1100).
Results
Our results fall into two categories: adhesive and repulsive interactions (Figure 3) . Interactions in air and in pure glycol are always adhesive, while interactions in pure water are always repulsive, regardless of applied force and hold time.
In fluid conditions, a long-range repulsive interaction is sometimes detected a few nanometers before contact (Figure 3 ).
For any given set of surfaces, the variation in measured adhesion in air is less than 10% when outlying values (attributed to capillary condensation between the surfaces) are ignored. In fluid conditions, adhesion values vary by up to 2 orders of magnitude, in spite of identical experimental parameters. The adhesion in pure glycol is between 1 and 2 orders of magnitude lower than in air.
In pure glycol and in mixed glycol-water solutions, the measured adhesion increases with both applied force and hold time (Figure 4a ).
In mixed solutions, the fraction of adhesive measurements, as well as the average value of the measured adhesion, decreases with increasing water concentration (Figure 4b) , irrespective of the order by which fluids are introduced.
Discussion
In agreement with our hypothesis, we observe a strong repulsive interaction between calcite surfaces in the presence of water. To establish whether the magnitude of the double-layer repulsion in water is large enough to prevent the surfaces from coming into adhesive contact or whether some other short-range force is needed to explain this observation, we can use DLVO theory in the weak overlap approximation [Israelachvili, 2011] . Using 20 mV as an upper limit for the surface potential of calcite in aqueous solutions [Wolthers et al., 2008] , the maximum double-layer repulsive pressure between flat surfaces in calcite-saturated solutions at room temperature (pH 8.6, 0.33 mM CaCO 3 ) is 2.8 kPa.
Estimated from SEM images, the areas of the particles used range between 300 and 3500 μm 2 . The maximum applied force is 0.16 and 7.0 μN for the soft and the stiff cantilever, respectively. Normalized by the surface area, this corresponds to average pressures up to 540 Pa and 23.3 kPa, which implies that the repulsive interaction we observe at high applied force cannot be due to double-layer repulsion. Instead, it is most likely caused by the repulsive barrier created by hydration of the highly hydrophilic calcite surfaces (Figures 1c and 1d ), in agreement with the hypothesis of water weakening due to water adsorption [Risnes et al., 2005; Røyne et al., 2011] . The charge distribution of the (1014) cleavage surface of calcite (which is the only crystal face exposed in cleaved samples) is particularly favorable for adsorbed water molecules, something which makes this surface unusually hydrophilic [Ricci et al., 2013] . The adsorbed water molecules are what prevents the surfaces from reaching adhesive contact.
A repulsive hydration force is consistent with the near 50% reduction in surface energy of calcite in water found in a previous subcritical fracture experiment [Røyne et al., 2011] . The integral (equation (1)) of the double-layer repulsion is at least 2 orders of magnitude lower than the surface energy of dry calcite and would therefore only reduce the fracture threshold by a negligible amount. Double-layer repulsion has also been argued to be of insufficient magnitude to account for subcritical fracturing in mica [Clarke et al., 1986; Chan et al., 1986; Thomson, 1990; Wan et al., 1990a] .
Previous experiments [Sand et al., 2010] have shown that a layer of ethanol remains on a calcite surface when an ethanol solution is exchanged with water. On the contrary, our experiments show that water can completely remove ethylene glycol from the calcite surface. This can be explained by differences in molecular structure: While the nonpolar tails of ethanol molecules create a hydrophobic layer on the calcite surface [Sand et al., 2010] , effectively preventing access to water, ethylene glycol has one OH group on either end and does not create this effect.
Calcite surfaces are typically not molecularly flat over large areas [Stipp et al., 1994] . The RMS roughness of the small particles we use is on the order of 100 nm or more (Figure 2 ). The roughness of the lower calcite surface is probably tens of nanometers, corresponding to cleavage steps that are not visible in the optical microscope. This unknown contact topography hinders the direct comparison of forces measured for different surface pairs, and we should instead focus on how the interactions between a given set of surfaces change in response to the fluid conditions. Nanoscale surface roughness is known to smear out measured forces or to manifest in an additional exponentially decaying repulsive force [Valtiner et al., 2012] . The long-range repulsion we observe (Figure 3 ) may be a result of surface roughness, double-layer repulsion, or both.
With rough surfaces, we cannot assume that the applied force is distributed as a uniform pressure across the contact region. Instead, there will be a finite number of asperities that come into contact, each subject to a significantly higher pressure than the average value. If we use the Debye length in pure calcite-saturated water, 12 nm, as a cutoff length for measurable surface forces, a reasonable estimate for the actual area of contact is about 1% of the total surface area. This implies that even for large particles on soft cantilevers, the asperities have been subject to pressures exceeding 4.6 kPa, effectively ruling out double-layer repulsion as the cause for any of the observed short-range repulsive interactions.
The adhesion we measure in this system is expected to be governed by the van der Waals energy, which to the first approximation is proportional to the Hamaker constant A as vdW = A∕24 D 0 , where D 0 is some cutoff distance [Israelachvili, 2011] . Using A cac = 10.1 × 10 −20 J for the calcite-air-calcite interface [Bergström, 1997] and A g = 5.72 × 10 −20 J for glycol [Raghavan et al., 2000] , the combining relation A 131 ≈ ( Israelachvili, 2011] gives A −20 J for calcite in water [Bergström, 1997] , the adhesion in water should be about twice that in glycol, but since the surfaces cannot be forced into adhesive contact, this is never measured. Furthermore, the measured adhesion is always less in water-glycol mixtures than in pure glycol.
With water present, the hydration repulsion acts against bringing asperities into adhesive contact (Figure 1 ). When rough surfaces are brought into contact under increasing normal load, successive asperities are compressed, resulting in a real area of contact that is proportional to the applied load for a large range of parameters. The mean pressure at the contact points is less sensitive to the applied load [Persson, 2006] . The probability of forming an adhesive contact depends on the number of asperities that are forced into contact and on whether the pressure experienced by these asperities is sufficient to overcome the hydration repulsion. If the force needed to bring the surfaces into adhesive contact is an increasing function of water concentration, then the probability of adhesive contact will be higher for low water concentrations, as observed (Figure 4b ). This also explains why the average value of the measured adhesion decreases with increasing water concentration.
The highly variable measured adhesion in fluid conditions can be explained by a combination of surface roughness and surface dynamics. Variations in measured adhesion is commonly observed in AFM measurements using macroscopic surfaces of nanoscale roughness and is attributed to structural changes in the contact region [Farshchi-Tabrizi et al., 2006] . Calcite surfaces are highly dynamic in the presence of fluids [Stipp et al., 1994] , and we expect asperities to evolve through dissolution and recrystallization over the time scale of our experiments. This likely also explains why the magnitude of the long-range repulsion varies between measurements.
The observed increase in adhesion with contact time (Figure 4a ) may be due to dissolution in regions of high normal stress and subsequent precipitation at the edges of asperities. Such growth of contact area for reactive mineral interfaces is thought to be a primary mechanism for fault healing and time-dependent frictional strength . Alternatively, a number of asperities that experience a load which is insufficient to push them into instantaneous contact may adhere with time through thermal fluctuations, analogous to the healing of a fracture when G < G 0 (equation (2)). This also leads to an increased contact area and hence measured adhesion. However, unlike the first hypothesis, this requires the movement of solvent away from contacts instead of the redistribution of solid material through dissolution and precipitation. At the moment, we have no method for distinguishing between these two mechanisms.
Conclusions and Implications
Based on our measurements, we can verify the existence of a high-magnitude, short-range repulsive force between calcite surfaces in water, which can be attributed to water adsorption. This hydration repulsion has previously been postulated to be responsible for water weakening of calcitic rocks and single calcite crystals [Risnes et al., 2005; Røyne et al., 2011] , and our results support this hypothesis.
AFM measurements of forces between mineral surfaces allow the effects of surface forces, operating in the thin fluid film behind the crack tip and at grain contacts, to be isolated from possible competing mechanisms such as dissolution creep, dislocation creep, and the development of microfractures in a macroscopic sample. Performing similar experiments under varying fluid conditions therefore presents a new way forward for analyzing the effects of fluid chemistry on the long-term brittle strength of rocks and other polycrystalline materials.
The degree of salinity of pore fluids is known to affect the strength and fracture properties of rocks [Risnes et al., 2003; Nara et al., 2014] . We have previously [Rostom et al., 2012] found single calcite crystals to exhibit a higher fracture threshold in solutions of high ionic strength. This strengthening has been argued to be due to screening of the electric double layers and subsequent disappearance of the double-layer repulsion [Nara et al., 2014] or to the decrease in water activity [Risnes et al., 2005] . Based on our current results, we expect the effect of dissolved ions on the hydration of the calcite surfaces, rather than relatively weak double-layer forces, to be the controlling mechanism. We are currently using the AFM to measure the effect of salinity and specific ions on the forces between calcite surfaces.
